INTRODUCTION
============

Resveratrol (3,4′,5-trihydroxy-*trans*-stilbene; [Fig. 1](#f1-bt-27-001){ref-type="fig"}) was first isolated in 1939 by Takaoka from *Veratrum grandiflorum* O. Loes (root of the white hellebore) ([@b115-bt-27-001]). It can be speculated the trivial name resveratrol was created as a conjunction based on its chemical structure and the plant source used for isolation: a resorcinol derivative or polyphenol in resin, occurring in *Veratrum* species, and containing hydroxy groups forming an alcohol. Following the Takaoka report, sporadic papers appeared in the literature, most of which were descriptive in nature ([@b115-bt-27-001]).

As described herein, nearly 60 years later, resveratrol was rediscovered and reported in a seminal paper describing pleiotropic activities related to cancer chemoprevention and other disease states ([@b51-bt-27-001]). Subsequently, the compound has been the subject of intensive investigation. Thousands of manuscripts have appeared in the scientific literature ([Fig. 2](#f2-bt-27-001){ref-type="fig"}), monographs have been published ([@b2-bt-27-001]; [@b121-bt-27-001]), patents have been issued ([@b91-bt-27-001]), symposia and conferences have been conducted, derivatives and metabolites have been studied ([@b46-bt-27-001]), clinical trials have been performed, etc. A search of the word 'resveratrol' on Google yields over 7 million results. Numerous commercial products are marketed to the general public with suggestions of life extension as well as a multitude of other health benefits. Nonetheless, at the present time, there is no consensus regarding the usage of resveratrol based on scientific evidence.

Interest in resveratrol as a bioactive molecule largely stemmed from the natural occurrence in grapes and grape products, primarily wine, which of course are consumed by humans. Once our report appeared, the sale of grape products containing resveratrol, particularly red wine, significantly increased. In fact, the sale of some grape products containing little or no resveratrol (e.g., grape juice) increased as well. Dietary consumption of resveratrol from natural sources continues to remain of interest. However, most animal, human, and *in vitro* studies employ concentrations of resveratrol that vastly exceed even the largest quantity that could be rationally ingested by dietary means. For example, daily doses of 5 g of resveratrol have been reported ([Fig. 3](#f3-bt-27-001){ref-type="fig"}), whereas a liter of wine contains only low milligram quantities ([@b42-bt-27-001]). Further, based on a perusal of the various dietary supplements available on the open market, nearly all products provide high milligram to gram levels.

The fact that so much literature currently exists concerning resveratrol begs the question of why publish yet another manuscript? Here, the main objective is not to rehash the myriad activities that have already been reported and reviewed. Rather, the objective of this report is to present a perspective of events that have transpired in regard to resveratrol over the past 20 years, and a contemporary view of where things stand concerning the future of resveratrol. In addition, some controversy has been generated with resveratrol, as is often the case with substances receiving such colossal attention, and this will be addressed.

Finally, it has been clear from the outset that resveratrol does not abide by the concept of 'one drug, one target'. In the case of resveratrol, this dogma simply does not apply. The molecule is incredibly promiscuous, interacting with a host of targets ([@b90-bt-27-001]). Bearing this in mind, a cursory analysis is presented that depicts a network or web of response that likely exists when resveratrol enters the biological milieu. Many literature reports have focused on single targets or isolated pathways but, realistically, resveratrol has the potential of mediating a response analogous to a biological tsunami.

DISCOVERY THAT SPARKED INTEREST IN RESVERATROL
==============================================

Natural product cancer chemopreventive agents
---------------------------------------------

Throughout history, natural products have played a dominant role in the treatment of human ailments. The association of salicylates with the willow, and quinine with cinchona, are renowned examples. Similarly, the legendary discovery of penicillin transformed global existence. Traditional remedies, largely based on terrestrial plants, still dominate therapeutic practices throughout the world, and natural products comprise a large portion of current-day pharmaceutical agents, most notably in the areas of antibiotic and cancer therapies.

For the treatment of cancer, early diagnosis and definitive tumor eradication through radiation therapy or surgical resection offer greatest hope. However, when dealing with malignant, metastatic disease, it is generally necessary to resort to chemotherapy. Although the therapeutic indices of cancer chemotherapeutic agents are often poor, many of the most useful agents have resulted from the systematic investigation of nature. Notable examples include taxol, vinblastine, and camptothecin, or derivatives thereof. These structurally unique agents function by novel mechanisms of action; isolation from natural sources is the only plausible method that could have led to their discovery. In addition to terrestrial plants as sources for starting materials, the marine environment (e.g., bathymodiolamides A and B, bryostatin, ecteinascidin 743, kahalalide F, salinosporamide A), microbes (e.g., bleomycin, doxorubicin, staurosporin), and slime molds (e.g., epothilone B) have yielded remarkable cancer chemotherapeutic agents ([@b28-bt-27-001]).

Irrespective of these advances, cancer remains a leading cause of death worldwide. In the United States, for example, cancer is responsible for about one in every four deaths. Given the morbidity and mortality associated with the disease, as well as the significant economic burden, there continues to be a critical need for more effective strategies ([@b88-bt-27-001]).

Undoubtedly, the prevention of human cancer is highly preferable to treatment. In this sense, the advent of vaccines for the prevention of hepatitis and liver cancer is probably the greatest success, and the more recent development of vaccines for the prevention of cervical cancer offers promise. Cancer chemoprevention, the use of synthetic or natural agents to inhibit, retard, or reverse the process of carcinogenesis, is another important approach for easing this formidable public health burden. In an ideal world, cancer chemoprevention would work as well as vaccines for the prevention of human ailments. Although this has yet to be accomplished, proof-of-principal has been established by seminal clinical trials conducted for the prevention of breast cancer with tamoxifen, and more recently with tamoxifen relatives such as raloxifene, and a separate class of aromatase inhibitors. Agents such as finasteride have shown promise for the prevention of prostate cancer.

Similar to cancer chemotherapeutic agents, natural products play an important role in the field of cancer chemoprevention. Through serendipity or epidemiological observations, dietary phytochemicals such as sulforaphane and phenethyl isothiocyanate (cruciferous vegetables), epigallocatechin-3-gallate (green tea), curcumin (turmeric), sulfur-containing compounds and selenium (the genus *Allium*), and lycopene (tomatoes) are considered positively for cancer prevention. Some clinical trials have demonstrated promise. Consequently, it is reasonable to search for new natural product cancer chemopreventive agents.

Using the approach of activity-guided fractionation with a battery of *in vitro* assays, we established a program to monitor the natural product purification process so as to isolate the most active agents in their pure form ([@b89-bt-27-001]). Once purified, the structures of the molecules have been determined using advanced NMR, mass spec and X-ray crystallographic methods. During the course of the project, we discovered active substances from a variety of structural classes such as alkaloids, flavonoids, coumarins, triperpenoids, and withanolides. Some of the compounds have shown promise for clinical trials, such as the rotenoid, deguelin. We also concentrated on the discovery of marine microorganism-based cancer chemopreventive agents. It logically follows that synthetic organic chemistry was an integral component the program, and some semi-synthetic compounds such as 4′-bromoflavone, oxomate (a relative of sulforaphane), and 3-amino-6-(3-aminopropyl)-5,6-dihydro-5,11-dioxo-11*H*-indeno\[1,2-*c*\]isoquinoline have shown promise.

In sum, natural product research is powerful approach for discovering biologically active compounds with unique structures and mechanisms of action. Given the unfathomable diversity of nature, it is reasonable to suggest that chemical leads can be generated that are capable of interacting with most or possibly all therapeutic targets. With the advent of high-throughput screening, a large number of potential starting materials can be readily evaluated, so informed selections can be made for unearthing prototype ligands worthy of further development as therapeutic agents. This is the backdrop leading to the resurrection of resveratrol.

The process of rediscovering and repurposing resveratrol
--------------------------------------------------------

During the course of the cancer chemopreventive drug discovery project described above, one of the most notable discoveries was the structurally simple stilbene known as resveratrol. Thousands of plant and marine extracts were tested. Some selections were based on literature reports or traditional use; most were randomly selected although factors such as uniqueness (e.g., lack of previous investigation) or endemicity was taken into account. One plant falling into the latter category was acquisition number 46, *Cassia quinquangulata* Rich. (Leguminosae). Relative to about 1000 extracts tested using an *in vitro* enzyme assay monitoring oxygen consumption, an extract of this nonedible Peruvian legume was found to mediate appreciable inhibition of cylooxygenase (COX)-1. Inhibitors of cyclooxygenase were of interest for a number of reasons. For example, high levels of COX products (e.g., prostaglandins) can stimulate the growth of tumor cells, COX can bioactivate xenobiotics (e.g., aromatic and heterocyclic amines to carcinogenic products), and COX inhibitors (e.g., nonsteroidal anti-inflammatory drugs; NSAIDs) can reduce the relative risk of colorectal cancer and reduce the frequency and number of premalignant and malignant lesions. The active principle associated with the *Cassia* extract was found to be resveratrol. The inhibitory activity was decent, compared with indomethacin, the position control NSAID used for the assay.

At this point, from a phytochemical viewpoint, very little enthusiasm was engendered by a well-known simple stilbene that was devoid of structural novelty. Nonetheless, the fact of good inhibitory activity with COX remained, and it was recognized that significance could be heightened due to the presence of resveratrol in edible products, particularly the grape, and of course products derived from grapes, particularly wine. Accordingly, additional tests were performed and, surprisingly, significant activity was observed in every assay that was performed. In that the test panel had been designed to assess the potential of blocking multiple stages of carcinogenesis (i.e., initiation, promotion, progression), and every test showed a positive result, interest was further intensified.

Nevertheless, in spite of promising data obtained with *in vitro* and *ex vivo* experiments, it was recognized that some type of animal experiment would be necessary to establish physiological relevance. But, in our case, as is the case with other natural product drug discovery programs, procurement of sufficient material to perform animal work was problematic. Of course at the present time resveratrol is readily available. However, at the time of our discovery, this was not true. Large-scale isolation or synthesis were considered, but given a sense of urgency, and realizing these procedures would be labor and time intensive, other avenues were explored. Thus, it was discovered that Sigma Chemical Company could supply an adequate amount of material, but at a relatively steep price. In spite of the economic burden, a decision was made to move forward and purchase the material. With this in hand, two animal studies were performed: anti-inflammatory activity with the rat paw edema model, and inhibition of mouse skin tumors generated with the two-stage model of carcinogenesis. In both cases, impressive results were obtained, and the studies were found suitable for publication in *Science* ([@b51-bt-27-001]).

Subsequently, we continued to study mechanistic aspects of resveratrol, including interaction within the arachidonic acid binding site of the enzyme cyclooxygenase through crystallographic analysis, absorption and metabolism of resveratrol, production and testing of a series of resveratrol derivatives capable of demonstrating responses with much greater potency and specificity, cancer chemopreventive activity with additional animal models, etc. Obviously, many others in the scientific community did as well ([Fig. 2](#f2-bt-27-001){ref-type="fig"}).

CONTROVERSIAL AND PARADOXICAL SITUATIONS SURROUNDING RESVERATROL
================================================================

Oral absorption of resveratrol
------------------------------

Shortly after publication of the paper in *Science*, the work became the subject of a media blitz. The topic was covered worldwide by newspapers, magazines, television and radio. One notable piece appeared on the first page of the *New York Times*. The article was well-done, but surprising led to controversy. Professor David M. Goldberg from the University of Toronto was quoted as saying "It doesn't matter how potent a compound is in the test tube. If it doesn't get into the blood-stream, it won't have any effect." In essence, this translates into saying the work might be interesting from an academic point-of-view but basically it is irrelevant. In addition to being shocking, the veracity of this argument was not sound simply based on the structure of resveratrol, plus the animal studies presented in our report. Nonetheless, in order to respond to the criticism in a more definitive manner, a human experiment was conducted *post haste*. In the study, a human volunteer (the author of this paper), consumed 1 g of resveratrol and collected a 24 h urine sample. Based on LC/MS analysis, resveratrol metabolites were found in the urine sample, unequivocally establishing absorption via the oral route of administration (albeit N=1).

Of course, over the years, many studies have been performed to examine resveratrol absorption, metabolism, excretion, dose-responses, etc. The notion of resveratrol not being absorbed through the alimentary tract following oral administration was simply a 'red herring.' Which is not to say the situation is straightforward. For example, achievable serum concentrations are generally many orders of magnitude below the concentrations used in the labyrinth of *in vitro* studies. Thus, it may be difficult to rationalize the actual relationship of these results with pharmacological relevance since high concentrations of the parent compound are necessary to mediate a response. On the other hand, concentrations of metabolites such as the 3-*O*-glucuronide may be much higher than the parent compound ([@b16-bt-27-001]), and the mean plasma level of resveratrol itself can be enhanced by processes such as micronization ([@b22-bt-27-001]). Also, recent studies have suggested that improvements in resveratrol bioavailability can be realized through combination with other compounds. For example, co-treatment with piperine improved the bioavailability of resveratrol, increased maximum serum concentrations in mice ([@b54-bt-27-001]), exerted a synergistic antidepressant-like effect with a mouse model ([@b48-bt-27-001]), and enhanced bioefficacy on cerebral blood flow in human subjects ([@b120-bt-27-001]). In addition, many other factors come into play, such as enzymatic reconversion of resveratrol metabolites to the parent compound at the site of action ([@b86-bt-27-001]). A definitive therapeutic approach remains moot, but there is no question regarding the absorption of resveratrol following oral consumption.

Estrogenic activity of resveratrol
----------------------------------

Another surprising development occurred within a year of publication of our *Science* paper. A report appeared ostensibly demonstrating that resveratrol was a super estrogenic agonist ([@b39-bt-27-001]). The technology used was a cell line expressing an estrogen sensitive reporter gene. The authors concluded the results implied resveratrol could mediate beneficial cardiovascular activity in addition to cancer chemopreventive activity. Unfortunately, however, the results were concerning since estrogenic compounds can actual promote some forms of cancer, and there was some implication the structure of resveratrol could bear a resemblance to diethylstilbestrol, a noxious substance known to cause vaginal tumors in girls and women who had been exposed *in utero*. We thought it best to investigate the matter further.

Using the same reporter cell line, and as similar experimental conditions as conceivable, our group was not able to reproduce the estrogenic response with resveratrol. There is no simple explanation for this discrepancy, but we felt confident with our results ([@b10-bt-27-001]). Nonetheless, in order to examine the effect in a more physiologically relevant manner, experiments were performed with ovariectomized rats. In this model, studying uterine weight and cell-type distribution, estrogen was found to mediate the anticipated response, but no response was observed with resveratrol ([@b11-bt-27-001]; [@b90-bt-27-001]). In sum, it does not appear that resveratrol functions as an estrogen.

Nonetheless, as implied by [@b39-bt-27-001], there is some evidence that resveratrol can function as a cardiovascular protectant. Resveratrol is reported to protect against atherosclerosis through inhibition of PTEN ([@b70-bt-27-001]); NOX1, MCP, AKT, ERK1/2, FOXO3A ([@b83-bt-27-001]); CAV1 ([@b87-bt-27-001]), and ERK1/2 signaling ([@b34-bt-27-001]), and activation of HO1, eNOS, VEGF ([@b87-bt-27-001]) and pGC/kinase G signaling ([@b34-bt-27-001]). Its role in the protection against ischemic myocardial injury through inhibition of VEGF, HIF1α ([@b76-bt-27-001]); GSK3β ([@b40-bt-27-001]), and activation of KLF15 ([@b98-bt-27-001]); AKT, p38 ([@b40-bt-27-001]); MAPK signaling ([@b32-bt-27-001]) has also been documented. Protection by resveratrol against other cardiovascular conditions through inhibition of p38 MAPK signaling ([@b75-bt-27-001]), and activation of SIRT1, FOXO1, FOXO3A, eNOS ([@b122-bt-27-001]); ERK1/2 ([@b41-bt-27-001]); SIRT1, KLF2, eNOS, TN, CNP, MEK5, MEF2 ([@b41-bt-27-001]); SIRT1, eNOS, PGC1α, NRF1, TFAM, Porin, Complex I-V ([@b29-bt-27-001]); NOX1, NOX4 ([@b104-bt-27-001]); iNOS, VEGF, KDR, and eNOS ([@b31-bt-27-001]), has been reported as well.

Antiaging effect of resveratrol
-------------------------------

For time immemorial, human beings have been interested in life extension. Stories appear dating from writings in the 5th century BC and became especially prominent in the 16th century when the "Fountain of Youth" was associated with the Spanish explorer Juan Ponce de León. Resveratrol has been and still is touted as an antiaging concoction, based on reports in the scientific literature with mechanistic underpinnings \[e.g., inhibition of IL6, TNFα, and activation of β-catenin ([@b81-bt-27-001]); SIRT2 ([@b82-bt-27-001]); YAP1P, TRX2, TRR1, AHP1 ([@b35-bt-27-001]); SIRT1, AMPK, p53, BCL-xL ([@b19-bt-27-001])\], and consequently in the lay literature ([@b102-bt-27-001]; [@b71-bt-27-001]). The primary driving force for this notion was activation of SIRT1 ([@b47-bt-27-001]).

SIRT1 is a nicotinamide adenine dinucleotide (NAD^+^)-dependent, class III histone deacetylase (HDAC). Studies reporting activation of SIRT1 by resveratrol were touted to promote longevity and well as mimicking caloric restriction. As the story gained momentum, a company by the name of Sirtris Pharmaceuticals was formed with a proprietary formulation of resveratrol as the product (SRT501). Interestingly, this seemed to capture the attention of the pharmaceutical company Glaxo-SmithKline, and led to the purchased Sirtris Pharmaceuticals for the sum \$720 million (US) in 2008 ([@b92-bt-27-001]).

Remarkably, however, employing NMR, surface plasmon resonance, and isothermal calorimetry, a report appeared definitively illustrating that resveratrol does not lead to activation of SIRT1 with native peptide or full-length protein substrates ([@b80-bt-27-001]). Similarly, other compounds previously reported as SIRT1 activators (SIRT1720, SIRT2183 and SIRT1460) were found to be ineffective ([@b80-bt-27-001]). Consistent with this, there does not appear to be X-ray diffraction data of a full length of SIRT1 interacting with resveratrol, and some studies have report resveratrol actually inhibits SIRT1 ([@b17-bt-27-001]; [@b43-bt-27-001]).

Thus, in essence, the activation demonstrated in previous reports was an experimental artifact resulting from utilization of SIRT1 with peptide substrate containing a covalently attached fluorophore and not with native peptide or full length protein substrates. Frankly, this seemed intuitively apparent. The response reported to be mediated by resveratrol using an assay based on fluorometric output clearly was not specific. Similar results were observed with a variety of mundane compounds such as flavonoids ([@b47-bt-27-001]). Should it logically be expected that such a disparate collection of natural products should mediate a response with such ostensibly profound significance? Not likely.

At the time Sirtris Pharmaceuticals was acquired by Glaxo-SmithKline, a phase 2 trial was being conducted in patients with relapsed and or refractory multiple myeloma. The study was terminated noting five patients developed renal failure ([@b93-bt-27-001]). About five years after the \$720 million acquisition, in 2013, GlaxoSmithKline closed down Sirtris Pharmaceuticals.

Irrespective of these unusual events, SIRT1 remains one of the most extensively studied targets of resveratrol. It seems that the hype surrounding the direct activation of SIRT1 led to the burst of investment and media frenzy. Therefore, when [@b80-bt-27-001] dampened this notion, it became necessary to explore other avenues that might be credible enough to further propagate the story. Given the promiscuity of resveratrol, and the myriad of legitimate targets the compound affects, it is actually surprising that one of the few targets it does not directly modulate maintains such stealth. Nonetheless, considering the vast interconnected network operating within a living cell, it is obvious that some interrelationship can be construed for essentially any component operating within the milieu. Certainly, SIRT1 should be included somewhere within the tsunami of an intracellular response that can be generated by resveratrol.

One pathway that is obvious to satiate the desire to activate SIRT1 involves activation of AMPK which in turn may activate SIRT1 ([@b21-bt-27-001]; [@b100-bt-27-001]). As such, several studies have reported AMPK activation by resveratrol ([@b19-bt-27-001]; [@b118-bt-27-001]; [@b33-bt-27-001]; [@b23-bt-27-001]; [@b116-bt-27-001]; [@b109-bt-27-001]; [@b119-bt-27-001]). As another example, one X-ray crystallographic datum deposited in RCSB PDB (<http://www.rcsb.org>) ([@b9-bt-27-001]) illustrates a co-crystal structure of SIRT1 in complex with resveratrol and a four-residue acetylated p53 peptide which carries 7-amino-4-methylcoumarin (AMC) as a substrate ([@b20-bt-27-001]). With a resolution of 3.2 Å \[R-value (free) of 0.252\], these results indicated that resveratrol mediates the interaction between AMC peptide and SIRT1.

In terms of the potential of resveratrol to extend the life of mammals, in a long-term study reported by [@b72-bt-27-001], resveratrol had no effect on the lifespan of genetically heterogeneous UM-HET3 mice treated from 12 months of age. Presumably, the quest for the "Fountain of Youth" must still continue.

MECANISTIC CONSIDERATIONS REGARDING RESVERATROL
===============================================

Considering the data presented in our first publication regarding the cancer chemopreventive potential of resveratrol ([@b51-bt-27-001]), it has been clear from the outset that resveratrol does not abide by the concept of 'one drug, one target'. The molecule is incredibly promiscuous, interacting with a host of targets ([@b90-bt-27-001]). The action of resveratrol helped to dispel the dogma of specificity being a requirement for having interest in a new drug lead. As evidenced by the large number of manuscripts describing the action of resveratrol ([Fig. 2](#f2-bt-27-001){ref-type="fig"}), the characteristic of promiscuity has not held back scientific inquiry. As a result of this large body of work, it is clear the number of molecular targets that are influenced by resveratrol is immense. We have recently cataloged many of the protein targets influenced by resveratrol ([@b66-bt-27-001]) in the context of neuroprotective effects, cardiovascular protective effects, antidiabetic effects, antiobesity effects, antiaging effects, anticancer activity, and others. Particular emphasis was placed on the rare high affinity target, quinone reductase 2, and sirtuin, since so many reports have appeared regarding the latter.

Many reports in the literature dealing with resveratrol focus on a single target, a group of related targets, or a pathway influenced by an affected target. Given that 'you find what you seek', and resveratrol is extraordinarily promiscuous, many individual 'findings' have been reported. Naturally, limited data sets are typically presented in any given manuscript, but in a complex biological matrix, other actions are simultaneously mediated, even though the lens of the investigator may not be focused on those responses. In this context, we thought it might be worthwhile to use publicly available drug-target databases to explore a holistic view of targets influenced by resveratrol ([@b66-bt-27-001]).

Based on this premise, protein-protein interaction networks found as targets of resveratrol were created. After combing DrugBank, ChEMBL (protein target classes), PubChem, BindingDB and a manual PubMed search (ABCG2_HUMAN, AMY1_HUMAN, ANO1_HUMAN, BACE1_HUMAN, CCR2\_ HUMAN, NM3A_HUMAN, DNM3B_HUMAN, G3P_HUMAN, GSTP1_HUMAN, DM1A_HUMAN, TOP2A_HUMAN, VDR\_ HUMAN), a resveratrol-target network was constructed using the STRING ([@b114-bt-27-001]) database ([Fig. 4](#f4-bt-27-001){ref-type="fig"}). Based on this analysis, we can infer that resveratrol acts on several pathways, including neuroactive ligand-receptor interaction (5.64e-47), calcium signaling pathway (1.56e-23), pathways in cancer (3.14e-19), nitrogen metabolism (1.29e-18), and serotonergic synapse (1.7e-18), with low false discovery rates (FDR; given in parenthesis). In fact, from other curated/integrated databases, resveratrol showed potent effects on inhibition of amyloid beta, Tau proteins. Therefore, in terms of drug repositioning/repurposing, resveratrol can be a plausible candidate for the treatment of various diseases, with neuronal diseases being especially notable (see below).

CLINICAL INVESTRIGATIONS CONDUCTED WITH RESVERATROL
===================================================

As indicated by a search of PubMed, 79 clinical investigations have been reported with resveratrol ([Fig. 5](#f5-bt-27-001){ref-type="fig"}). However, 133 trials are listed at [ClinicalTrials.gov](ClinicalTrials.gov) [@b25-bt-27-001]. Most of the studies have been (or are being) conducted in the Europe (55) or the US (50), and others have been (or are being) performed in Canada (8), Mexico (4), the Mideast (4), South America (4), China (3), Southeast Asia (3), Australia (1), and Russia (1). We have recently summarized some of the work performed with animals and human beings ([@b84-bt-27-001]) as have others ([@b110-bt-27-001]). As illustrated in [Fig. 5](#f5-bt-27-001){ref-type="fig"}, the majority of clinical trials have been performed with healthy or obese subjects, or individuals with type 2 diabetes.

Type 2 diabetes (T2DM) is a good example of the dichotomy of results. When administrated for three months at a dose of 250 mg/day, glycemic control and the associated risk factors were improved in patients with T2DM. Resveratrol decreased the mean hemoglobin A1c, systolic blood pressure, low-density lipoprotein cholesterol (LDL-C), total cholesterol, urea nitrogen, and total protein ([@b12-bt-27-001]). In another study, wherein T2DM patients were given 1 g/day, resveratrol was reported to decrease systolic blood pressure, fasting blood glucose, hemoglobin A1c, insulin, and insulin resistance. HDL was increased ([@b73-bt-27-001]). In yet another study, in which patients were give 400 mg two-times per day, resveratrol was reported to have an antioxidant effect. Plasma protein carbonyl content and PBMC O^2−·^ levels were reduced, total antioxidant capacity and total thiol content were increased in plasma, and the expression of Nrf2 and SOD were significantly increased ([@b106-bt-27-001]). Further, when given at a dose of 50 mg two-times per day, the size of foot ulcers in T2DM patients was reduced ([@b7-bt-27-001]).

One might think results such as those described above might be adequate to recommend the use of resveratrol by T2DM patients. To the contrary, however, as reported by [@b61-bt-27-001] in a study with 66 patients given 1000 or 150 mg of resveratrol per day, treatment did not improve inflammatory status, glucose homeostasis, blood pressure, or hepatic lipid content. In fact, relative to placebo control, the high dose increased total cholesterol, LDL cholesterol, and fructosamine levels. Taking all of this into account, any therapeutic advantage for T2DM patients remains moot.

As noted above, based on a survey of the literature, there appears to be a high probability of resveratrol being of some value for neuronal diseases (FDR, 5.64e-47). To a large extent, this is based on animal models investigating conditions such as neuropathic pain \[thermal hyperalgesia ([@b107-bt-27-001], [@b108-bt-27-001]; [@b65-bt-27-001]), cold allodynia ([@b107-bt-27-001])\], sensory neuropathy \[e.g., thermal hypoalgesia with an increase in intraepidermal nerve fiber loss and the mean axonal diameter of myelinated axons of the tibial nerve ([@b24-bt-27-001]\], cerebral infarction upon I/R exposure ([@b94-bt-27-001]), neurodegeneration ([@b53-bt-27-001]), the reduction in motor nerve conduction velocity ([@b65-bt-27-001]), nerve blood flow ([@b65-bt-27-001]), DNA damage and apoptosis in sciatic nerve sections ([@b65-bt-27-001]), memory impairment ([@b105-bt-27-001]), anxiety ([@b30-bt-27-001]), and neuroinflammation (astrocytic activation) ([@b53-bt-27-001]). Further studies have been conducted to study effects of resveratrol on depression, epilepsy/seizure, Alzheimer's disease, Huntington's disease, Parkinson's disease, memory function, neuronal damage, etc. ([@b84-bt-27-001]).

In clinical trials with post-menapausal women, when given a dose of 75 mg/day, it has been suggested that resveratrol can improve brain function by increasing cerebrovascular responsiveness to both hypercapnic and cognitive stimuli, and improve performance of cognitive tasks (verbal memory) and overall cognitive performance ([@b36-bt-27-001]). In another study, with healthy subjects given 250 or 500 mg/day, cerebral blood flow was increased ([@b59-bt-27-001]). There is suggestive evidence that evaluating the potential utility of resveratrol in the treatment or prevention of Alzheimer's disease would be rational ([@b103-bt-27-001]), and the same likely applies for anther neuronal disorders ([@b64-bt-27-001]; [@b50-bt-27-001]).

Overall, however, at that present time, the consensus of expert opinion does not yet support the use of resveratrol for the treatment or prevention of any human ailment ([@b117-bt-27-001]).

IMMEDIATE PROSPECTS FOR THE CLINICAL USEFULNESS OF RESVERATROL
==============================================================

When considering the potential clinical usefulness of resveratrol, it seems rational to take into account actual blood or tissue levels that can realistically be achieved. In the case of normal dietary consumption, resveratrol intake is frankly minuscule. Thus, most studies involve supplementation, generally through oral administration. However, even following the oral administration of relatively large quantities of resveratrol, average serum concentrations remain in the low to mid nM range. On the other hand, appreciable average plasma concentrations (e.g., 5 μM) of metabolites (resveratrol-3-*O*-sulfate, resveratrol-4′-*O*-glucuronide, and resveratrol-3-*O*-glucuronide) can be readily attained, with resveratrol-3-*O*-sulfate being dominant ([@b16-bt-27-001]). These metabolites may mediate biological responses similar to the parent molecule ([@b46-bt-27-001]) or, alternatively, it is feasible that the metabolites are reconverted to the parent molecule at a target site ([@b86-bt-27-001]). Further, resveratrol and/or resveratrol metabolites may demonstrate a hormetic response ([@b18-bt-27-001]; [@b56-bt-27-001]).

Irrespective of these considerations, it seems reasonable that high affinity targets warrant greater attention, and a few have been identified ([@b66-bt-27-001]). Interesting, one of these targets, cyclooxygenase, was the key target described in our seminal report ([@b51-bt-27-001]). More importantly, in the same report, using relatively low doses of resveratrol, we demonstrated anti-inflammatory activity using a rat paw edema model. Inhibition of yet another high affinity target, QR2, may also contribute to an anti-inflammatory effect. Thus, the implications of anti-inflammatory activity are perhaps more profound that commonly recognized. Although other targets such as SIRT have garnered great publicity, even though the response remains a polemic, it appears that anti-inflammation is the common denominator responsible for amelioration of a host of disease states and other beneficial effects. Considering the plethora of disease states that have been touted to be ameliorated by resveratrol, the inflammation theory of disease ([@b49-bt-27-001]) may be viewed as a unifying hypothesis for explaining the action of resveratrol.

Taking anti-inflammatory activity into account, as well as the pragmatic issue of having effective concentrations reach the target tissue, the use of resveratrol for the prevention of colon cancer is especially noteworthy. Particularly, positive responses have been reported in many animal studies ([@b84-bt-27-001]). Moreover, in clinical studies performed by [@b85-bt-27-001], oral administration of resveratrol produced levels in the human gastrointestinal tract sufficient to elicit anti-carcinogenic effects, and it was concluded that resveratrol merits further clinical evaluation as a potential colorectal cancer chemopreventive agent. Four human trials for the treatment or prevention of colorectal cancer are listed at [ClinicalTrials.gov](ClinicalTrials.gov) [@b25-bt-27-001].

Further, again considering the anti-inflammatory effect of resveratrol, it seems apparent a superlative use of the compound should be the prevention of skin cancer. In our first report describing the cancer chemopreventive potential of resveratrol ([@b51-bt-27-001]), a highly efficacious inhibitory response was observed using the two-stage mouse skin model of carcinogenesis \[treatment with 7,12-dimethylbenz\[*a*\]anthracene (DMBA) and 12-*O*-tetradecanoylphorbol-13-acetate (TPA)\].

This inhibitory response has subsequently been studied by numerous investigators using a variety of models including DMBA/TPA ([@b58-bt-27-001]; [@b111-bt-27-001]; [@b57-bt-27-001]; [@b14-bt-27-001]; [@b63-bt-27-001]), DMBA alone ([@b113-bt-27-001]; [@b99-bt-27-001]; [@b123-bt-27-001]; [@b62-bt-27-001]), TPA alone ([@b52-bt-27-001]; [@b67-bt-27-001]; [@b27-bt-27-001]), DMBA/croton oil ([@b38-bt-27-001]), UVB exposure ([@b1-bt-27-001]; [@b97-bt-27-001]; [@b5-bt-27-001]; [@b112-bt-27-001]; [@b60-bt-27-001]; [@b101-bt-27-001]), benzo\[*a*\]pyrene (BP) ([@b113-bt-27-001]), and xenograft ([@b44-bt-27-001], [@b45-bt-27-001]) models. Topical application of resveratrol is the most commonly used route of treatment in skin cancer models. In DMBA/TPA models, resveratrol treatment reduced the incidence ([@b51-bt-27-001]; [@b58-bt-27-001]; [@b111-bt-27-001]; [@b57-bt-27-001]; [@b14-bt-27-001]), multiplicity ([@b51-bt-27-001]; [@b58-bt-27-001]; [@b57-bt-27-001]; [@b14-bt-27-001]), and tumor volume ([@b57-bt-27-001]; [@b14-bt-27-001]; [@b63-bt-27-001]), and delayed the onset of tumorigenesis ([@b57-bt-27-001]). At biomarker levels, resveratrol induced apoptosis and decreased the expression levels of Bcl-2 while it increased p53 and Bax. In addition, resveratrol enhanced the release of cytochrome c, induced apoptotic protease-activating factor-1 (APAF-1), and cleaved caspase-9,-3, and poly (ADP-ribose) polymerase (PARP) ([@b57-bt-27-001]). Further, resveratrol decreased cell survival-related proteins including phosphatidylinositol-3-kinase (PI3K) and Akt ([@b99-bt-27-001]), and inflammatory markers including interleukin (IL)-6, cyclooxygenase-2 (COX-2), and c-Jun ([@b63-bt-27-001]).

With UVB models, resveratrol decreased bi-fold skin thickness ([@b1-bt-27-001]; [@b97-bt-27-001]), hyperplasia ([@b97-bt-27-001]), infiltration of leukocytes ([@b97-bt-27-001]), and incidence ([@b5-bt-27-001]), and delayed the onset of tumorigenesis ([@b5-bt-27-001]). In addition, biomarkers were affected by resveratrol treatment. Activities of ornithine decarboxylase (ODC) ([@b1-bt-27-001]) and COX ([@b1-bt-27-001]) and expression levels of ODC ([@b1-bt-27-001]), proliferating cell nuclear antigen (PCNA) ([@b97-bt-27-001]), cyclin-dependent kinase (CDK)2, CDK6, and cyclin D2 ([@b97-bt-27-001]), mitogen-activated protein kinase kinase (MEK) ([@b97-bt-27-001]), extracellular signal-regulated kinase (ERK) ([@b97-bt-27-001]), survivin, and phosphorylated (p-)survivin were downregulated. On the other hand, the expression of p21 ([@b97-bt-27-001]), p53 ([@b97-bt-27-001]), and Smac/DIABLO ([@b5-bt-27-001]) was upregulated. Furthermore, resveratrol exerted an antioxidant effect with reduction of H~2~O~2~ and lipid peroxidation in the skin ([@b1-bt-27-001]).

Oral administration of resveratrol also resulted in positive effects, including decreases in the tumor multiplicity and volume, and delay in the onset of tumorigenesis ([@b60-bt-27-001]). The anti-tumor effect of resveratrol was associated with decreased expression levels of TGF-β1 ([@b60-bt-27-001]) and Rictor ([@b6-bt-27-001]), and increased expression levels of E-cadherin ([@b60-bt-27-001]).

With a human cutaneous skin squamous carcinoma A431 cell line xenograft model, tumor volume was decreased by resveratrol treatment, along with increased expression levels of p53 and ERK, and decreased levels of survivin. Although ERK is considered as a proliferation and survival protein in general, ERK was also reported to form a complex with p53, leading to an increase in p53 phosphorylation and expression. Also, resveratrol enhanced the activation of caspase-3 ([@b44-bt-27-001], [@b45-bt-27-001]).

In addition, the antitumor effect of resveratrol was reduced with genetically engineered animals including TLR4 deficient C3H/HeJ mice in the DMBA model ([@b123-bt-27-001]) and sirtuin 1-null mice in the DMBA/TPA model ([@b14-bt-27-001]). Oral gavage of resveratrol inhibited the growth of a mouse melanoma (B16BL6 cell line) xenograft carried in mice, with decreased expression of Akt ([@b13-bt-27-001]). In another xenograft model with A2058 human melanoma cells, intratumoral injection of resveratrol reduced tumor volume and this was associated with inhibition of STAT3-DNA methyltransferase 1 (DNMT1) complex formation and the sequential decrease in the methylation of several tumor-suppressor gene promoters (PTPN6, CDKN2A, and SOCS3) ([@b68-bt-27-001]). On the other hand, tumor growth of other melanoma cell lines, including B16M ([@b3-bt-27-001]), A375 ([@b78-bt-27-001]), and Duke melanoma 738 xenografts in mice, was not attenuated by resveratrol, demonstrating limited potential as an anti-melanoma agent ([@b79-bt-27-001]). But topical administration of resveratrol reduced UVB-induced hyperpigmentation which is related to melanoma formation, with a decrease in tyrosinase-related protein 2 in male brownish guinea pigs (KIWA:A1) ([@b69-bt-27-001]).

A graphic representation of some of the numerous responses mediated by resveratrol in skin models is depicted in [Fig. 6](#f6-bt-27-001){ref-type="fig"}. Obviously, since resveratrol can be applied as a topical, perhaps in conjunction with a sun block, high concentrations can readily be achieved and thereby issues of absorption and metabolism are largely subjugated. Used as a topical in human trials, resveratrol has been reported to improve Acne vulgaris ([@b37-bt-27-001]) and photoaging ([@b4-bt-27-001]; [@b74-bt-27-001]).

In sum, amelioration of skin issues and diseases by topical application of resveratrol is particularly encouraging. Somewhat logically, resveratrol has been incorporated into a number of cosmetic products ([@b8-bt-27-001]; [@b77-bt-27-001]; [@b96-bt-27-001]). Perusal of the internet readily reveals numerous commercial products containing resveratrol such as lipsticks, moisturizers, creams, oils, lifts, serums, powders, pencils, etc. Claims such as skin-calming, antimicrobial, skin-protectant, skin-firming, skin-lightening, etc., are common, but most claims focus on an anti-aging effect. Some products attempt to achieve a superior position through special proprietary methods such as the stabilization and micronization of resveratrol. Taking into account the discussion presented above regarding the effects of resveratrol on skin, it is difficult to be overly critical of resveratrol-laden cosmetic products. Nonetheless, it will be comforting when more clinical results are generated and made publically available.

CONCLUDING REMARKS
==================

"For rheumatism, neuralsia, sciatica, lame back, lumbaro, contracted cords, toothache, sprains, swellings, etc. For frost bite, bruises, sore throat, bites of animals, insects and reptiles. Good for man or beast. It gives immediate relieve. It is good for everything..." These claims are from an advertisement produced by the Clark Stanley Snake Oil Lintment Company for his product, snake oil (*ca*. 1900). The bombastic claims of Clark Stanley are reminiscent of the multitude of advertisements regarding resveratrol that can be found on the internet and typified by the publication *Natural News Report* \#139: "World renowned doctors including Dr. Oz, Dr. Sinclair and Dr. Gruss are recommending resveratrol, the 'miracle molecule' saying 'people can live to 120′; resveratrol may be an incredible preventative weapon against cancer; resveratrol may eradicate brain plaque associated with senility; compound in red wine may fight Alzheimer's; 'resveratrol has anti-obesity properties by exerting its effects directly on the fat cells'; resveratrol protects you from head to toe!"

Given that evidence-based responses are sparse and controversial, such claims, innuendo and hyperbole are atrocious. Nonetheless, irrespective of scientific underpinning, as noted above, a company was created and acquired for hundreds of millions of dollars, and dietary supplements currently on the market are estimated to yield about \$50 million (US) per year ([@b15-bt-27-001]). There is even a piece of jewelry available that has been fashioned after the chemical structure of resveratrol. At least in the case of resveratrol-shaped jewelry, true market value can be determined by the weight of gold, silver or platinum.

In terms of the therapeutic effect of the actual compound, at the present time, there is a close parallel to past practice of marketing snake oil. It is highly disconcerting to think consumers could actually believe taking resveratrol will extend their lifespan, reduce their body weight, and fulfill all of the other numerous claims of vibrancy and contentment. But on the positive side, it is generally agreed that the safety profile of resveratrol is pristine ([@b55-bt-27-001]). Even at very high daily doses with human beings, e.g., 5 g/day, side effects are mild ([@b16-bt-27-001]). Thus, irrespective of the actual therapeutic efficacy of resveratrol, perhaps real or perceived benefits derived from a placebo effect should not be discounted ([@b95-bt-27-001]). In order to realize a placebo effect when working with a 'medicine', a placebo, or an ineffective but safe substance functioning as a placebo (in this case, resveratrol), must be administered.

So, in the end, perhaps the most important thing is to abide by ethical rules of modern medicine (*primum nil nocere*) and, hopefully, at the same time, provide some benefit for humanity. At this time, expert working groups have not be able to make any specific recommendations regarding the health benefits of resveratrol in general ([@b117-bt-27-001]). Nonetheless, as described herein, numerous targets have been investigated, and there is certainly a general perception that some value exists. Perhaps of equal importance, resveratrol has become a household word in the context of a natural product that has the potential of promoting good health. American editorial cartoonist Arthur "Chip" Bok has generated outstanding illustrations depicting subjects such as a customer asking a pharmacist for a case of cabernet since red wine contains resveratrol. Thus, irrespective of the ultimate fate of resveratrol, having enhanced public awareness of the interrelationship of diet and health, and the notion of preventative healthcare, are achievements that have already been accomplished.
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![Cumulative documents related to resveratrol by year (1997--2018). Using the SciFinder^®^ database, documents were queried using the chemical structure of resveratrol (CAS number 501-36-0). The process yields a total of 20,459 references (accessed September-02-2018).](bt-27-001f2){#f2-bt-27-001}

![Frequency distribution of daily resveratrol dosage administered in human trials. The publications were searched using PubMed (accessed August-28-2018; search term: resveratrol; limit: clinical trials). In total, 79 trials were reported.](bt-27-001f3){#f3-bt-27-001}

![Protein-protein interactions and plausible target pathways (see text) of resveratrol. Protein-protein interaction networks found as targets of resveratrol were created using STRING. After combing DrugBank, ChEMBL (protein target classes), a resveratrol-target network was constructed using the STRING database.](bt-27-001f4){#f4-bt-27-001}

![Frequency distribution of resveratrol intervention studies based on the health status of participants. Based on publications that were searched using PubMed (accessed August-28-2018; search term: resveratrol; limit: clinical trials). In total, 79 trials were reported.](bt-27-001f5){#f5-bt-27-001}

![Graphic depiction of some representative biomarkers that are influenced by resveratrol in various models of skin cancer.](bt-27-001f6){#f6-bt-27-001}
